Gastric cancer (GC) is a major cause of cancer mortality. GC studies that aim to identify relevant oncogenes and tumor suppressor genes (TSGs) are essential for devising effective new therapies. A decade ago, RUNX3, a gene that resides on human chromosome 1p36.1, was claimed to be a major TSG in GC. Since then, hundreds of studies involving thousands of GC patients have attempted to verify and extend the RUNX3 TSG paradigm. However, RUNX3 is not recognized as TSG and not listed in the "Cancer Gene Census" website. To be a TSG that protects normal cells against malignancy, the gene must be expressed in the normal tissue from which the cancer arose and its loss or inactivation should contribute to cancer development. This review summarizes compelling body of evidence challenging the RUNX3-TSG paradigm. Studies show unequivocally that RUNX3 is not expressed in normal gastric epithelium and that it fails to fulfill all other premises of a TSG. RUNX3 mutations and 1p36 deletions are not frequent in GC and RUNX3 is not associated with familial GC or with increased risk of GC. Accordingly, Runx3−/− mice do not develop tumors. RUNX3 promoter methylation, which has been reported to be a frequent event in GC, is not relevant to its alleged TSG function, since the gene is already silent in normal gastric epithelium. In sharp contrast, overexpression of RUNX3 was found in several types of human cancers, including GC, and the 1p36.1 region is amplified in B-cell lymphoma. Thus, it is possible that RUNX3 actually promotes cancer development rather than being a TSG. The true targets for GC therapy are discussed below. Those are genes frequently lost or amplified in GC and are well known for their tumor suppressive or oncogenic activity, respectively.
Introduction
GC is highly prevalent in China and other Far East countries, constituting a major cause of worldwide cancer mortality [1, 2] . Etiological contribution of dietary factors, Helicobacter pylori [3] and EBV [4] infections and the resulting gastric inflammation to GC development are well established but the downstream crucial events leading to malignancy are complex and involve numerous genetic [5] [6] [7] [8] and epigenetic [9] alterations. Many well established oncogenes and TSGs have been proposed as contributing factors in GC development. A decade ago, Li et al. suggested that the transcription factor (TF) RUNX3 functions as a novel TSG that plays a major role in GC [10] . This suggestion was based on their finding of high expression level of Runx3 in normal mouse gastrointestinal tract (GIT), gastric hyperplasia in Runx3−/− newborn mice, detection of a RUNX3 point mutation in a single GC patient, loss of RUNX3 heterozygosity (LOH) in 30% of GC patients, RUNX3 promoter DNA hypermethylation in GC versus normal gastric tissue and reduced RUNX3 mRNA expression by in situ hybridization in GC versus normal gastric tissues in 60% of GC patients.
Since then, hundreds of studies involving thousands of GC patients have attempted to verify and extend the RUNX3 TSG paradigm suggested by Li et al. in GC and/or in other GIT cancers [11] . Many of these studies (references included in Table S1 of [12] ) focused on the issue of RUNX3 promoter DNA hypermethylation, but have not tested whether RUNX3 was indeed expressed in normal GIT and what are the consequences of this hypermethylation on RUNX3 expression in GIT. To qualify as a cell autonomous TSG in a given cell type requires that the gene be expressed in that cell type and that its loss by mutation, deletion, degradation or silencing would promote malignancy. However, compelling evidence from our laboratory and several other laboratories that demonstrated the lack of RUNX3 expression in normal and GC tissues and refuting the other specific requirements from a gene to be recognized as a genuine RUNX3 is one of the three mammalian Runt domain TFs (RUNX1, RUNX2 and RUNX3) that comprise the highly conserved and structurally similar RUNX gene family. RUNX TFs are key gene expression regulators in several important developmental processes including hematopoiesis, osteogenesis and neurogenesis [13] . Runx3 was originally cloned based on its similarity to Runx1 [14] and subsequently localized on human and mouse chromosomes 1 and 4, respectively [14, 15] . Tissue-specific Runx3 expression is transcriptionally regulated by two alternative control regions, designated the distal (P1) and proximal (P2) promoters [13, 16] . We have previously published a detailed survey of the spatio-temporal expression of Runx3 and Runx1 during embryonic development, using immunohistochemistry (IHC) and knock-in (KI) -galactosidase activity (LacZ staining) [17] . Runx3 and Runx1 were readily detected in different compartments of the hematopoietic system as well as in dorsal root ganglia (DRG), epidermal appendages and developing skeletal elements [17] . However, regarding epithelia an interesting distinction was noted in the expression pattern of Runx1 and Runx3. While Runx1 was expressed in various epithelia including mucosa of the esophagus and stomach, the salivary glands ducts and the olfactory and respiratory mucosa, Runx3 expression in these epithelia was undetectable [17] .
Subsequently, using a different -gal gene KI mouse strain, Li et al. reported that Runx3 was highly expressed in GIT epithelium of E14.5 embryos and adult mice [10] . Clearly, this report contradicted our earlier results that showed no Runx3 expression in the GIT, which was particularly intriguing since all other LacZ-expressing sites shown in Li et al., including cartilage, epidermal appendages and DRG corresponded with those reported previously by our own group [17, 18] . It is interesting to note that using Runx3-specific quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) assay, Ito et al. reported in a later study that normal mouse gastric epithelial cells expressed 10-fold less Runx3 compared to blood leukocytes [19] , which contradicts their own earlier finding [10] of a very strong Runx3 expression in mouse gastric epithelium. In order to resolve these contradicting results we have reanalyzed Runx3 expression using a variety of biochemical techniques, including 8 different anti-Runx3 antibodies (Abs), qRT-PCR as well as 35 Cre and R26-tdTomato/ Runx3
Cre [12] . The Cre recombinase reporter strains display amplified expression of LacZ or tdTomato following Cre-mediated excision of loxP-flanked (Floxed) transcriptional "stop" sequences [20, 21] . Upon crossing the Runx3
Cre with the Cre recombinase reporter strains, the reporter (i.e. LacZ or tdTomato) is switched-on in all cells that express Runx3 and from then on constitutively expressed within the R26 locus. This occurrence generates a permanent genetic mark which is transmitted to all progeny cells allowing to trace not only constant but also transient expression of Runx3 even in rare cell populations.
Using all these new biochemical and genetic techniques we have found that Runx3 was not detected at all in GIT epithelium, but was readily detected in all other organs known to express Runx3 [12] . Furthermore, using flow cytometry on R26-tdTomato/Runx3
Cre E16.5 embryos we have found that while Runx3 expression was readily detected in the GIT intraepithelial leukocytes, no Runx3 was detected in GIT epithelial cells [12] . Runx3 was also undetectable in isolated adult GIT epithelial cells assayed by RT-qPCR [12] . Taken together these results demonstrate that Runx3 expression was undetectable in embryonic and adult GIT epithelium and that Runx3 was not even transiently expressed at any time point during epithelial lineage development. The results also preclude the possibility that Runx3 is expressed even in small progenitor compartments of GIT epithelial cells or the possibility that the detection of Runx3 expression in GIT epithelium by Li et al., but not by our laboratory, was due to different targeting vectors.
We have also analyzed the original Li et al. Runx3
LacZ/LacZ mice, which were provided to us by Dr. Y. Ito, the PI and principal author of the Li et al. report [10] . LacZ staining of these Runx3 LacZ/+ and Runx3 LacZ/LacZ E14.5 embryos revealed Runx3-LacZ expression in DRG and skeletal elements [12] at intensities similar to those previously observed in these mice [10, 22] , yet no Runx3-LacZ was detected in GIT [12] . It is now also clear that using their Runx3
LacZ/LacZ mice, Dr. Ito's laboratory cannot replicate the key experimental finding of Runx3-LacZ staining in GIT [23] as reported in 2002 [10] . Thus, the inevitable conclusion is that normal GIT epithelium lacks Runx3 expression and the Li-2002 report, which indicated expression of Runx3 in this epithelium, is flawed. Accordingly, our failure to detect LacZ in Li-2002-LacZ mice and the current inability of Dr. Ito to reproduce his 2002 data [23] is almost certainly due to the fact that Runx3 was never expressed in GIT epithelium of the LiRunx3-LacZ mouse described in 2002. For additional details concerning the issue of Runx3 expression in normal GIT epithelium see http://www.weizmann.ac.il/molgen/Groner/uploads/runx 3.pdf
Specificity of Anti-Runx3 Abs Used for IHC
The issue of detecting Runx3 by IHC requires specific attention. As alluded to above, a detailed survey of the spatio-temporal expression of Runx3 and Runx1 proteins during embryonic development, using IHC, was originally published in 2001 [17] . By using 8 different Abs raised against different regions of Runx3, including 3 anti-Runx3 monoclonal Abs raised in Dr. Ito's laboratory (R3-1E10, R3-8C9 and R3-3F12), it was more recently confirmed that Runx3 protein was not expressed in GIT epithelium in embryos and adult mice [12] . Most of these Abs specifically detected Runx3 in other cell types in the same or adjacent tissues, such as GIT-embedded leukocytes (in the adult GIT) and in embryonic DRG neurons [12] . These results clearly demonstrate an excellent correspondence between Runx3 mRNA and protein expression in different tissues. The R3-1E10 failed to comply with this criterion. Although this Ab has been reported to detect Runx3 in GIT epithelium [19, 24] , it did not detect Runx3 in leukocytes [12] nor in DRG [19] . Given that GIT epithelial cells are notorious for their high degree of nonspecific antibody binding, the Abs used in IHC experiments should be very carefully controlled for specificity. Such analysis clearly demonstrates that R3-1E10 is not suitable for detecting Runx3 by IHC, particularly when its reaction with GIT epithelium serves as the sole evidence for Runx3 expression in that tissue [24] . Therefore, it is unfortunate and scientifically unsound that of all available anti-Runx3 Abs, R3-1E10 was the one used for detecting Runx3 expression in GIT epithelium without proper disclosure of any information regarding its abnormal properties [24] .
RUNX3 Protein in Human GC versus Normal Gastric Epithelium
In contrast to the reported expression of RUNX3 in normal human gastric epithelium [10, 11, 24, 25] , two independent reports that analyzed more than 100 patients did not detect RUNX3 mRNA and protein in normal gastric epithelium but detected nuclear RUNX3 protein in gastric tissue-embedded leukocytes in normal and H. pylori-induced gastritis patients [26, 27] . Moreover, nuclear RUNX3 protein was detected in cancer cells of ~32% of the GC patients, demonstrating that in some cases of GC RUNX3 expression may actually be induced in the cancer cells [26] . This finding is consistent with other studies showing RUNX3 overexpression in other types of cancers including basal cell carcinoma [28] , head and neck cancer [29] , ovarian cancer [30] and pancreatic cancer [31] , possibly reflecting an oncogenic role of RUNX3. The report that EBNA2-mediated induction of RUNX3 expression in EBV-infected B cells is essential for the proliferation of the transformed cells [32] , is also consistent with an oncogenic role of RUNX3 in certain human cancers. The suggested role of RUNX3 as a TSG was based in part on the reduced frequency of RUNX3 expressing cells in human GC versus normal human gastric epithelium [11] and on the cytoplasmic mislocalization of RUNX3 [25] , as detected by IHC using 2 different monoclonal antibodies. Of the RUNX3 IHC studies on human GC versus normal gastric tissue summarized in [11] , the frequency of GC patients that were reported as negative for RUNX3 IHC staining in the cancer cells was ~43%. Being a TF that is active in the cell nucleus, the claimed mislocalization of RUNX3 in the cytoplasm of a significant proportion of GC cases [25] was construed as a mechanism for its inactivation. However, IHC staining of RUNX3 in normal human gastric tissue has been reported to be strongest in the region where Chief cells reside and a significant portion of stained cells contained cytoplasmic staining [25] . Furthermore, using another anti-RUNX3 Ab (AS-251) it was shown that while only nuclear RUNX3 was detected in RUNX3 transfected cells, only cytoplasmic RUNX3 staining was detected in the normal human gastric Chief cell region [33] . Therefore, the reported cytoplasmic RUNX3 staining in GC cannot be regarded as a mechanism for its inactivation since it is already "inactivated" in the normal gastric epithelium. Taking into consideration the reservations pointed out above concerning the specificity of RUNX3 IHC staining in gastric tissue and the contradicting results concerning RUNX3 expression in normal gastric epithelium, the inevitable conclusion is that, as in mouse GIT, RUNX3 is not expressed in normal human gastric epithelium and that the reported cytoplasmic retention of RUNX3 in normal gastric epithelium and GC cells reflects an IHC artifact. Thus, both the lack of specific RUNX3 expression in normal human gastric epithelium [26, 27] and the reported cytoplasmic staining of RUNX3 in normal gastric epithelium [25, 33] indicate that there is no functional RUNX3 in normal gastric epithelium. Therefore, it is highly unlikely that lack of RUNX3 expression in GC is indicative of its function as a TSG, since it is already not expressed in normal GIT epithelium.
No Gastric Tumors in Runx3−/− Mice
Loss of TSGs is generally sufficient for induction of tumor development in mice. In some cases loss of a gene function in stromal cells [34, 35] or T cells [36] can lead to epithelial tumorigenesis, so a scenario in which RUNX3 activity in GIT leukocytes might protect GIT epithelium against tumorigenesis is a possibility to consider. Indeed, Runx3 is expressed in GIT leukocytes [12, 37] and its absence in Runx3−/− mice is associated with colonic inflammation and epithelial hyperplasia [37] , but none of the Runx3−/− mice showed an increased incidence of GIT tumors or any other tumors [24, 37] . It is important to note that Runx3−/− mice on a Balb/c background survive to more than a year but do not develop GIT tumors, but peculiarly Runx3+/− mice were reported to develop adenomas in colon and intestine at a very late onset of ~15 months [24] . Such GIT tumors were not detected in Runx3+/− mice on the ICR background [37] . This result is even more puzzling since none of the phenotypes observed in mice deficient for both Runx3 alleles, including ataxia due to loss of TrkC neurons in DRG [18] , colitis [37] , asthma-like lung inflammation [38] and defective silencing of CD4 expression in CD8 + T cells [39, 40] , is observed in Runx3+/− mice. This indicates that sufficient amounts of Runx3 are present in Runx3+/− mice to maintain homeostasis. It is thus unlikely that RUNX3 is a bona fide TSG, since loss of only one TSG allele is generally not sufficient to induce tumors and even in cases where tumor development does occur following the loss of one TSG allele (haploinsufficient TSG), the severity of the disease is lesser compared to when both its alleles are lost [41] .
RUNX3 Mutations and Genomic Alterations Are Not Frequently Found in GC
As indicated earlier, multiple mechanisms were suggested to cause RUNX3 inactivation in GC and other cancers, attempting to justify the claim that RUNX3 is a major TSG. One of these mechanisms was based on the finding of a point mutation in RUNX3 in a single GC patient [10] . To the best of our knowledge, this RUNX3 mutation has not been discovered in other GC cases. Moreover, no other RUNX3 mutations were detected in a recent whole exome sequencing study of 15 GC samples, which detected 718 non-synonymous mutations in 661 genes including frequent mutations in TP53 and several chromatin-remodeling genes [8] . It is a common occurrence in cancer prone pedigrees to detect germline mutations in genes that are also frequently mutated in sporadic cancers. Approximately 10% of gastric cancer cases have a familial predisposition and half of these cases can be attributed to germline mutations in genes including TP53, CHD1, BRCA1, BRCA2, APC, SMAD4 and STK11 [42] , but no germline RUNX3 mutations were detected in such pedigrees [43] . Association studies of the distribution of polymorphic markers in control and disease populations can identify genomic susceptibility regions to various diseases. One such association study with 10 RUNX3 polymorphic markers on ~300 GC and control Chinese patients reported an association of 3 such markers, located in RUNX3 introns 1, 3 and 4, with an increased risk of GC [44] . Another larger association study on 583 GC and 1637 control patients with 2 polymorphic markers located in RUNX3 exon 1 and intron 3 revealed that the intron-3 polymorphic marker was associated with H. pylori-induced gastric atrophy but neither of these polymorphic markers was associated with GC [45] . Interestingly, while the same intron-3 polymorphic marker (rs-760805) was used in both studies [44, 45] , it was found to be associated with increased risk of GC only in the smaller population size study [44] . Obviously a much larger study is needed to resolve this discrepancy. It is of interest to note that genome-wide association studies (GWAS) conducted on large populations detected that certain RUNX3 polymorphic markers were associated with an increased risk for two GIT diseases, ulcerative colitis [46, 47] and celiac disease [48] and also for ankylosing spondylitis [49] and psoriasis [50] (Table 1) , all considered to be immune-related diseases.
These findings may suggest that leukocyte-associated RUNX3 functions protect against development of GIT and other inflammatory diseases. As indicated above, Runx3-deficient mice spontaneously develop early onset colitis [37] , which can be transferred to immune-suppressed mice by fetal liver hematopoietic precursors (our unpublished results). Although it was initially claimed that the colonic hyperplasia in Runx3−/− mice was unlikely to be due to a leukocyte-specific Runx3 deficiency [24] , a later study confirmed our results that transfer of Runx3−/− FL cells into immune-suppressed mice induced colonic hyperplasia [51] . It is thus possible that certain GIT inflammatory diseases may be associated with certain RUNX3 polymorphic markers that might affect RUNX3 functions in GIT leukocytes such as CD8 + T cells, natural killer cells and dendritic cells. Finally, several GWAS studies identified genomic regions located on chromosomes 1q22, 3p13.31, 5p13.1, 8q24 and 20p13 [52] [53] [54] [55] that were associated with an increased risk for developing GC in Chinese or Japanese populations, but the RUNX3 harboring region 1p36.11 was not among GWAS Psoriasis [50] those regions reported to confer susceptibility to GC ( Table 2) . GC is associated with many genomic alterations including both amplifications and deletions. Based on fluorescent in-situ hybridization (FISH) analysis it was initially reported that 14 out of 46 GC patients (30%) had a hemizygous deletion of RUNX3, based on a lower than 1:1 ratio of RUNX3 and chromosome 1 centromerespecific signals [10] . However, the finding that in all GC samples the cells had at least 2 RUNX3-specific FISH signals per cell [26] indicated that there was no loss of RUNX3 in GC but rather amplification of regions encompassing the chromosome 1 centromere [26] . Furthermore, two recent high-resolution comparative genomic hybridization (CGH) studies including 193 and 64 GC patients, respectively, revealed that chromosome 1p36, which harbors RUNX3, was not frequently deleted in GC [5, 6] . Rather, frequently deleted regions in GC were located on chromosomes 3p, 4pq, 5q, 6q, 8p, 9q, 11q, 14q, 16q, 17p, 18p, 18q, 19p, 21q and 22q, harboring known TSGs such as FHIT, CDKN2A and B, SMAD4, SMAD7 and RB1. Frequently amplified regions were located on chromosomes 1q, 3q, 5p, 6p, 7pq, 8q, 12pq 13q, 18pq, 19p, 20p and 21p, harboring known oncogenes such as KRAS, the receptor tyrosine kinases FGFR2, EGFR, ERBB2 and MET as well as some others including GATA4, GATA6, MYC, CDK6, CCND1 and CCNE1 [5, 6] (Table 2 ). An earlier study on a smaller cohort of 40 GC patients, also described the frequent chromosomal copy number aberrations and although such aberrations were detected across the entire genome, chromosome 1p36 was not among the frequently deleted regions [56] . Thus, although some RUNX3 polymorphic markers may be associated with H. pylori induced gastric changes, possibly due to an altered RUNX3 function in infiltrating inflammatory immune cells, the lack of convincing evidence for frequent 1p36 genomic alterations or association with increased risk for GC development, do not support a major role for RUNX3 as a TSG in GC.
RUNX3 Promoter Hypermethylation in GC
Another mechanism initially put forward to support a TSG role for RUNX3 in GC was methylation of the CpG island adjacent to RUNX3 P2 promoter [10] . This methylation was initially detected in 3 samples of GC that did not express RUNX3, as measured by RT-PCR, but no such methylation was detected in 3 samples of normal gastric mucosa, which were reported to express RUNX3 [10] . These results were interpreted as an indication that GC cells do not express RUNX3 due to hypermethylation of its P2 promoter [10] . In many of the following studies on RUNX3 hypermethylation in GC (summarized in [11] ) the average frequency of GC samples with RUNX3 promoter methyllation was ~58% and the average frequency of GC samples with reduced RUNX3 IHC staining was ~54%. However, most of these studies measured either only RUNX3 promoter methylation or only RUNX3 by IHC staining, so it cannot be determined to what extent were RUNX3 methylation and its reduced expression related in each of the GC samples. More recently, another study on 123 GC and 111 healthy patients that determined both RUNX3 methylation and RUNX3 expression by IHC or RT-PCR reported that 55% of the GC cases showed RUNX3 methylation [57] . However, while 68% of the GC patients that did not have RUNX3 methylation did express RUNX3, 41% of patients that did have methylation also expressed RUNX3 [57] . These results suggest that there is no good correlation between RUNX3 methylation and RUNX3 expression.
Since both IHC and the bisulfite-modified methylation-specific PCR (MSP) are not quantitative techniques, [52] [53] [54] [55] a No RUNX3 germ-line mutations were detected in familial GC [43] . No RUNX3 mutations were detected in sporadic GC [8] . A single RUNX3 point mutation in one GC patient was described [10] ; b Chromosome region 1p36.1, in which RUNX3 resides, is not frequently deleted in GC [5, 6, 56] . This region was also not detected as a GC-associated region in GWAS studies [52] [53] [54] [55] .
they cannot accurately measure the degree of RUNX3 methylation or its level of expression. RUNX3 methylation was recently measured using a quantitative technique involving methyl-specific DNA microarray and found that only 23% of GC patients showed RUNX3 methylation as compared to 46% with the conventional MSP technique [58] . It is thus reasonable to assume that the actual degree of RUNX3 methylation in GC is lower than originally proposed. Furthermore, it was reported that RUNX3 methylation in GC is mostly monoallelic [59] , so even if this could theoretically completely silence expression of just one allele, the remaining allele would still be expressed and functional. In addition, even when RUNX3-P2 promoter is methylated, the remaining unmethyltated P1 promoter could still allow RUNX3 expression to occur.
Finally, as indicated earlier, GC is associated with epigenetic alterations in many genes [9] and previous studies have noted [60] [61] [62] that several hundred genes undergo methylation in tumor cell genomes, most of which are not expressed in the normal tissue of origin of these cancers. Therefore, a demonstration of promoter methylation, on its own, does not and cannot represent a proof or even a credible indication/suggestion that methylation is synonymous with silencing and that a methylated gene is a TSG.
Does the 1p36 Region Harbor Any TSG?
Human chromosome 1p36 large deletions occur frequently in a variety of cancers including various neural, epithelial and hematopoietic malignancies, suggesting the possible location of one or more TSG in this region [63] . The putative TSG harboring region deleted in many of these cancers was narrowed down to a 4.3 Mb of DNA in the syntenic mouse chromosome 4 region that corresponds to human chromosome 1p36. Using chromosome engineering it was found that an extra copy of this 4.3 Mb region suppressed proliferation and enhanced apoptosis and senescence of cultured cells, whereas a heterozygous deficiency of the region enhanced proliferation and suppressed senescence [64] . This finding is consistent with the possibility that it harbored a TSG [64] . To determine which of the genes that reside in the 4.3 Mb region could be responsible for suppressing proliferation when overexpressed, 11 candidate genes were selected according to their Gene Ontology terms. Knocking down of 10 of these genes did not rescue the suppressed proliferation but knockdown of CHD5, phenocopied the effect of deletion one copy of the 4.3 Mb region. Accordingly, mice heterozygous for the loss of Chd5 spontaneously developed tumors including squamous cell carcinoma, hybernoma (mesenchymal neoplasm) and lymphoma [64] but no GC or other GIT tumors were observed. Thus it appears that while several TSG candidates are located on human chromosome 1p36, including TP73, DNAJC1, and CAMTA1, the locus encoding CHD5 is the major TSG in this region.
The Role of RUNX Family Genes in Cancer
Although here we have focused specifically on the issue of RUNX3 in GC, it is worth mentioning that all 3 RUNX genes were found to have cancer connections. The association of RUNX1 to cancer development in humans is multifaceted, including predisposition to development of AML in families with germline RUNX1 point mutations or deletions [65, 66] , frequent point mutations in AML [67] [68] [69] , chromosomal rearrangements that create fusion proteins with a variety of partners in various leukemias [70] [71] [72] and deletions in breast cancer [73] . Recently it was also reported that epithelium-specific conditional deletion of RUNX1 in mice induces the development of adenomas in the duodenum and significantly enhances development of GIT tumors in the colon, cecum and intestine in APC min mice [74] . These results are consistent with the finding that Runx1 is expressed in GIT epithelium [12, 17] and with the notion that RUNX1 can function as a TSG. However, other studies have shown that RUNX1 acts as an oncogene and when overexpressed plays an important role in leukemia [75] and tumor initiation in various epithelial tumors [76, 77] .
RUNX2 appears to have an oncogenic role in human breast and prostate cancers as well in mouse leukemia and lymphoma models [78] . RUNX3 has been suggested to act as a TSG in gastrointestinal cancer [10] , by regulating the anti-oncogenic TGF/BMP pathway and attenuating the Wnt/-catenin pathway [24, 79] . However, the finding of RUNX3 overexpression in different types of cancers including GC [26, [28] [29] [30] [31] may actually reflect an oncogenic role of RUNX3. This possibility is supported by several findings including amplification of the 1p36.11 region in B-cell lymphoma [80] , the essential role of EBNA2-mediated induction of RUNX3 expression in EBV-infected B cells for proliferation of the transformed cells [32] and the ability of RUNX3 to enhance leukemia and lymphoma development [81, 82] . These findings have recently led to the postulated suggestion that RUNX3 might switch from TSG to oncogenic activity [83] . In sharp contrast to the findings that are consistent with an oncogenic role of RUNX3 in certain human cancers, its role as TSG remains highly dubious. Accordingly RUNX3 is not mentioned in "Cancer Gene Census" http://www.sanger.ac.uk/genetics/CGP/Census/, which lists all the cancer genes.
Copyright © 2013 SciRes.
JCT
The False Paradigm of RUNX3 Function as Tumor Suppressor in Gastric Cancer 22
Conclusions
GC is a major cause of worldwide cancer mortality. Thus, studies aimed at identification of genes that contribute to GC development and progression are of utmost importance. Such studies could identify promising gene-targets for potential new therapies. These targets can be either TSG if they can be reactivated or oncogenes if they can be inactivated. RUNX3 has been suggested a decade ago to be a major TSG in GC. Hundreds of following studies involving thousands of GC patients have invested much effort attempting to verify and extend this RUNX3 TSG paradigm. The first and foremost premise of a TSG is that it should be expressed in the normal tissue from which the cancer has arisen. As outlined above, this basic requirement concerning RUNX3 expression in normal GIT has turned out to be false and has been refuted. In addition, other premises inferring RUNX3 TSG function in GC including RUNX3 inactivation by point mutations or LOH are not supported by many genome wide analyses. GWAS have failed to reveal an association of GC with RUNX3 and loss of the 1p36 chromosome 1 region that harbors RUNX3 is not a common event in GC.
The frequent TP53 mutations and the deletions of regions harboring many other well-known TSGs, make them and not RUNX3 the more relevant TSGs in GC biology. In contrast, RUNX3 appears to be overexpressed in various cancers, it can promote malignancy in insertional mutagenesis studies and its activation is essential for the proliferation of EBV-transformed B cells. The frequent amplification of chromosomal regions harboring known oncogenes, especially the RAS/RTK family, suggests that these genes could be promising targets for GC treatment.
